Abstract Multi-AUV system has advantages in high-accuracy localization with cooperative navigation and adaptive sampling with space-time distribution. It is expected to be a valuable platform in searching for hydrothermal vents, unexploded ordnances, and sources of hazardous chemicals or pollutants. This paper studies how to use multiple AUVs to locate these interesting sources, named the plume source localization problem. Two localization algorithms are proposed respectively based on time priority and distance priority. Simulation tests demonstrate that they are feasible and effective, and the distance priority based algorithm is better than the other with the higher localization accuracy and the shorter exploration time.
Introduction
With the progress of multi-AUV coordination control technology, multi-AUV system is expected as a valuable platform in searching for hydrothermal vents, unexploded ordnances, and sources of hazardous chemicals or pollutants. Especially it is a very interesting research field to how to apply multiple AUVs to locate these interesting sources. These sources have a common characteristic: some materials, emitted from the sources, disperse downstream and form a plume which is both physically and chemically different from the surrounding seawater. Through detecting these physical or chemical anomalies AUV can autonomously identify a plume and trace it to its source. We call this progress as the plume exploration.
The plume exploration can be divided into two steps, the plume tracing and the source localization. This paper will be focus on the latter. Now the main methods for plume source localization include particle swarm optimization algorithms [1] [2] [3] , reinforcement learning algorithms [4] , ant colony algorithms [5] , evolutionary-based approach [6] and so on. These algorithms firstly translate the problem of plume source localization into the problem of multi-objective optimization by the mathematical model of the plume in time-space distribution, and then try to find the optimization solutions to calculate the plume source localization. But in real ocean environment the plume distribution is discontinuous and irregular under the influence of turbulence and vortex. It's very difficult to describe all the characteristics of the plume by an ideal model. The plume location may be not corresponding to the optimization solution. So this paper presents two autonomous localization algorithms based on multi-AUV system, which declare the plume source through sharing information among AUVs. This paper is organized as follows. Section 46.2 provides the process of the plume exploration with multi-AUV system. Section 46.3 presents the two localization algorithms respectively based on time priority and distance priority. Section 46.4 presents some simulation results. Finally, Sect. 46.5 gives some concluding remarks.
Plume Exploration Based on Multi-AUV System
As shown in Fig. 46 .1, ABCD is assumed as an anomaly area. When the mission starts, multiple AUVs form a formation with a defined horizontal spacing and search for the plume along the tangent direction of ocean flow. There are two searching results. One is that mission time has been depleted or the whole area has been explored completely, so the mission will be ended. The other is that the plume is detected, so multi-AUV system will change formation to trace the plume.
During the process of tracing the plume and sailing upstream to its source, sometimes all the AUVs can not detect the plume, in other words, the plume is ''lost''. At this time, we need to analyze the reason. Maybe it is oriented from some uncertain factors, like turbulence, ocean flow and seafloor terrain, or multi-AUV system has arrived at the source. If the plume source has been declared, there need some algorithms to estimate the source location. This is the problem that will be solved in next section.
Plume Source Localization
Wei Li presented the strategies inspired by insect orientation to pheromone for the plume source localization with an AUV in [7] . This paper improved these strategies and designed two new methods for plume source localization with multi-AUV system.
Assume that there is an AUV is the leader in multi-AUV system, the others are slavers. So at one time the four contact states between multi-AUV system and the plume are shown in Table 46 .1. In this table 0 denotes that AUV can't detect the plume, and it isn't within the plume; 1 denotes that AUV can detect the plume, and it is within the plume. Correspondingly multi-AUV system may response to them with three strategies, performing the reacquire-plume behavior, transforming roles between the leader and the slaver which detected the plume, continuing the maintainplume behavior. The design and parameters selection of these behaviors may refer to the Ref. [8] . When multi-AUV system can not detect the plume information and are ready to perform the reacquire plume behavior, we record the location of the leader AUV where it detected the plume last time. The last location is denoted by Plcdp. According to the difference of ordering rules of a list of Plcdp points, we propose a time priority based algorithm and a distance priority based algorithm.
The Localization Algorithm Based on Time Priority
Multi-AUV system will repeat constantly to perform the reacquire-plume behavior near the plume source. So we can acquire a list of Plcdp points. The time priority indicates that the list L is updated by the rule that the newer Plcdp point always has the higher priority. Nc is defined as the least numbers of Plcdp points to declare the plume source. e T is the permitted localization error. Obviously when t \Nc, multi-AUV system is not near the plume source. And when t = Nc, the following strategies will be applied to judge whether multi-AUV system is right within the plume source or not. Shown in left Fig. 46 .2, the rectangle KSGL contains all the Plcdp points in the global coordinate system. We define the following formulas:
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e T is satisfied, we determine that the plume source can be declared and the source location is estimated according to the formula: 
The Localization Algorithm Based on Distance Priority
The O-xyz reference coordinate system is shown in right Fig. 46 .2. The current P lcdp point is the origin, the ocean flow direction is the x-axis direction and its vertical line is y-axis direction. All the P lcdp points are projected to this coordinate system. The current flow direction is denoted as C dir . So the translation matrix is:
The distance priority based algorithm orders the Plcdp points according to the absolution of their x coordinates, namely that the nearer to the origin, the higher priority in the list. Suppose P When the number of the Plcdp points is smaller than Nc, it can be immediately concluded that the multi-AUV system is not near the plume source and continue performing the reacquire plume behavior. Otherwise, when Plcdp number is equal or larger than Nc, the following strategies will be applied. (Pxm, Pym) denotes the average of all the Plcdp points. The distances of all the Plcdp points to the point can be calculated and the max distance is denoted by Pmax. It is calculated by the formula:
There are two possibilities:
(where e F denotes the localization error), the P max point will be removed from the L list, and we conclude that multi-AUV system has not arrived in the plume source and carry on the reacquire plume behavior.
If D max e F , the plume source will be declared, and the plume source location is regarded as the first point in the L list ðP 
Simulation Tests
We built a plume exploration simulation system by C++ programming language and the OpenGL library. The system comprises three parts: vehicle dynamics, flow field and plume model, which are introduced in [9] . The simulation parameters are followed. The exploration area is specified in [0,100] along x-axis and [-50,50] along y-axis. The plume source is located at (10,0) and emits 5 particles randomly every second. The flow velocity is 1.0 m/s. The multi-AUV system is compose of three AUVs. Their mission-start positions and mission-end positions are all on the locations (100,40), (105,42) and (115,41). In each plume exploration mission they sail from their mission-start positions, perform a series of behaviors for tracing and declaring the plume, and return to the mission-end positions.
In this simulation system the two localization algorithms are respectively demonstrated for 1,000 times. We evaluate their performances using the average localization error and the average plume exploration time (PET, it is the period from the mission starts to the mission ends). Their comparisons are shown in Fig. 46.3 Fig. 46 .3 the left is based on the time priority based algorithm and the right is based on the distance priority algorithm. It can be concluded that the two algorithms are all feasible and effective, and the distance priority based algorithm is better that the other with the higher localization accuracy and the shorter exploration time.
Conclusion
This paper has presented two localization algorithms respectively based on time priority and distance priority for declaring the plume source with multi-AUV system. The simulation tests demonstrate that the distance priority based algorithm can acquire the higher source localization accuracy and the shorter plume exploration time. These algorithms have the guiding significance for the application of multi-AUV system in the hydrothermal exploration in the future. But some uncertain influences, such as the interruption of acoustic communication, need to be considered in the following work.
